P ediatric intracranial arteriovenous (AV) shunts include brain AV malformations (BAVMs) with nidus, pial AV fistulas (PAVFs), vein of Galen aneurysmal malformations (VGAMs), and dural AV fistulas (DAVFs).
P ediatric intracranial arteriovenous (AV) shunts include brain AV malformations (BAVMs) with nidus, pial AV fistulas (PAVFs), vein of Galen aneurysmal malformations (VGAMs), and dural AV fistulas (DAVFs). 22 Because pediatric intracranial AV shunts have been predominately reported from tertiary care medical centers, it is difficult to know the actual incidence of these lesions. "Annual detected rates" (ADRs) rather than "incidences" are used in this paper to define the actual detected number of new patients with each disease per year. 3 Brain AVM with nidus was believed to be a congenital vascular abnormality, meaning that abnormal embryonic vascular structures formed in utero remain after birth and become symptomatic later in life. 10, 19 However, recent studies have suggested that most BAVMs do not exist at birth and are formed de novo in the postnatal period. These conclusions were based on the facts that very few patients have symptomatic BAVMs in early childhood 12, 15 and that most BAVMs become symptomatic in patients older than 30 years of age. 1, 20, 24 Pial AVF was also believed to a con-genital abnormality typically becoming symptomatic after infancy, 7, 25 but it has also been observed in utero and in the neonatal period. The different ADRs of intracranial AV shunts by age (antenatal, neonatal, infantile, and childhood) may provide insight into when these vascular abnormalities are formed. To our knowledge, no population-based study of pediatric AV shunt ADRs has been reported. Therefore, we organized a nationwide survey, the Japanese Pediatric Arteriovenous Shunts Study (JPAS), to define clinical characteristics, especially ADRs, of pediatric intracranial AV shunts in Japan.
Methods
The JPAS was approved by the Institutional Review Board of Osaka City General Hospital. The approvals of the institutional review boards of the individual hospitals surveyed were not required. Emails requesting participation in this study were delivered to all 3555 members of the Japanese Society for Neuroendovascular Therapy in May 2017 and all 568 members of the Japanese Society for Pediatric Neurosurgery in June 2017, totaling 4123 physicians. Emails were not directly delivered to any hospitals. Representative physicians of each hospital were asked to respond to one of the authors (M.K.) by the end of August 2017. Although the methods of data collection at each hospital were not defined, representative physicians were asked to report their hospital's data. Email queries enabled direct access to all physicians who might be responsible for the treatment of pediatric patients with intracranial AV shunts. In early September, emails were redelivered to physicians in selected hospitals that were expected to have such pediatric patients and had not responded. Data collection was extended one month until the end of September 2017 to increase participation.
Inclusion criteria for the study were patients with newly diagnosed intracranial AV shunts and an age of 5 years or younger during the 5-year period between January 1, 2012, and December 31, 2016. Intracranial AV shunts were classified as BAVMs, PAVFs, VGAMs, or DAVFs.
22 Patients were also stratified into three age groups: neonates (within 28 days after birth), infants 1 year old or younger, and children 5 years old or younger. Stillborn children, if any, were reported separately. Acquired clinical data were as follows: age at initial diagnosis, birth date (year and month), gestation period, sex, birth weight, Apgar scores at 1 and 5 minutes, diagnosis (BAVM, PAVF, VGAM-choroidal type, VGAM-mural type, VGAM-mixed type, DAVF, others), lesion location (supratentorial, infratentorial, galenic cistern, torcular, others), symptoms and signs (heart failure, respiratory failure, fetal hydrops, consciousness disturbance, developmental delay, seizure, hemiparesis, others), CT and/ or MRI findings (hemorrhage, infarction, hydrocephalus, brain atrophy, others), Bicêrtre Neonatal Evaluation Scores (BNESs ; Table 1 ) for neonates, 17 pretreatment status according to Bicêrtre Admission and Outcome Scores (BAOSs; Table 2) 17 except for neonates, referral pattern, treatment (medical, endovascular, surgical, irradiation, cerebrospinal fluid shunt, others), number of transarterial embolizations (TAEs) and transvenous embolization (TVE), outcome according to BAOS, and follow-up periods (months). These items were filled out if applicable. In this report, BAOSs 1-2 and 3-5 for outcome estimation were defined as unfavorable and favorable, respectively.
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Statistical Analysis
Populations of persons 5 years old or younger in the years from 2012 to 2016 in Japan were reported as 6,342,000; 6,312,000; 6,258,000; 6,054,000; 6,009,000, respectively, from the Statistics Bureau of the Ministry of Internal Affairs and Communications (https://www.e-stat. go.jp). Thus, the total population of persons 5 years or younger for those 5 years was 30,975,000. We used these data to calculate the ADRs of the diseases in this report.
Statistical analyses were performed using the R statistical package (version 3.4.2, The R Foundation for Statistical Computing, http://www.R-project.org). Spearman's rank correlation coefficients were calculated between pretreatment status in terms of BNES, birth weight, gestation 
Results
Hospital Participation
Representative physicians from 209 hospitals returned by email the Excel files containing patient data from their hospital. If we assume that at least one of the physicians who received the invitation mails belongs to each university hospital or children's hospital, 54 (68%) of 79 university hospitals and 25 (69%) of 36 children's hospitals returned patient data. If a medical university had several affiliated hospitals, the number of hospitals was counted as 1. It is implied that most hospitals that did not participate in this study were hospitals for adults without pediatric facilities or were children's hospitals without neurosurgical departments. Many university hospitals in Japan cannot treat pediatric intracranial AV shunts. Furthermore, most children's hospitals have no in-house neurointerventionalist for endovascular treatment. Therefore, the 209 participating hospitals comprised almost all of the major general or neurosurgical hospitals and children's hospitals in Japan that treat pediatric intracranial AV shunts. One hundred seventy-four hospitals (83.3%) had no patients with intracranial AV shunts. Eighty-eight pediatric patients from the remaining 35 hospitals were enrolled in the study; however, 12 patients were excluded because they had been diagnosed prior to the study period. Dual enrollment was checked by the patient's disease, birth date (year and month), other clinical data, and hospital location. Four patients' data from two hospitals were unified because of dual enrollments; thus, dual enrollments were strictly avoided. Ultimately, 72 patients reported from 34 hospitals were included and analyzed in this report.
Geographic Distribution in Japan
A total of 34 responding hospitals had at least one patient with an intracranial AV shunt and a mean of 2.2 patients. The geographic distribution of the hospitals where these patients were ultimately treated was plotted on a map of Japan (Fig. 1) . Two hospitals were not plotted since they contributed only to diagnosis. A maximum of 18 patients were treated in a single hospital. The 32 hospitals were distributed in 19 of 47 prefectures in Japan. The 72 patients were relatively concentrated in western and eastern urban areas: 18 patients were treated in 1 hospital in Osaka, and 18 were treated in 7 hospitals in Tokyo. Most patients were referred to these major hospitals from their local hospitals.
ADRs of Intracranial AV Shunts
In the 5-year study period, there were 72 patients with intracranial AV shunts: 24 (33%) with BAVMs, 22 (31%) with PAVFs, 16 (22%) with VGAMs, and 10 (14%) with DAVFs ( Table 3 ). The diagnosis for each patient was selected by the reporting physician from a pop-up menu of these diseases in the Excel file. The annual number of patients with intracranial AV shunts who were 5 years old or younger in Japan was calculated to be 14 in total, including 5 patients with BAVMs, 4 with PAVFs, 3 with VGAMs, and 2 with DAVFs. The mean annual population of those 5 years old or younger in Japan was 6,195,000, or approximately 6.2 million people.
The ADR of brain AV shunts was 0.232 per 100,000 persons aged 5 years or younger (95% CI 0.182-0.293). The ADRs of BAVM, PAVF, VGAM, and DAVF were 0.0775 (95% CI 0.0496-0.115), 0.0710 (95% CI 0.0445-0.108), 0.0517 (95% CI 0.0295-0.0839), and 0.0323 (95% CI 0.0155-0.0594) per 100,000 persons aged 5 years or younger, respectively.
In the neonatal and infantile periods (age < 1 year old), PAVFs, VGAMs, and DAVFs were relatively common, but BAVMs were rare. In this age group, 15 patients with PAVFs, 14 with VGAMs, 9 with DAVFs, and 2 with BAVMs were reported, excluding the patients who had died in utero. After the age of 1 year, BAVMs became more common, and VGAMs and DAVFs were less common. Male predominance was noted overall (70%) and in each type of intracranial AV shunt. Excluding the 2 fetal deaths, 3 patients with VGAMs died among a total of 70 patients who were born alive, indicating a mortality rate of 4.3% for pediatric intracranial AV shunts in this study.
BAVMs
Twenty-two BAVMs were diagnosed in children, whereas only one BAVM each was diagnosed in a neonate and an infant (Table 4) . In all age groups, males were dominant (63%). Lesions were supratentorial in 92% of BAVMs. Clinical presentations included hemorrhage (75%), consciousness disturbance (42%), seizure (25%), neurological deficits (21%), and headache (17%). Interestingly, one neonatal boy presented with congestive heart failure. Surgical treatments were performed in 42% of BAVM patients and endovascular treatments in 42%. Stereotactic radiosurgery was performed in 7 children (29%) 4 or 5 years old. A favorable outcome was observed in 83% of BAVM patients. The mortality rate was 0%.
PAVFs
Twenty-two patients developed PAVFs, and 12 of them (55%) were neonates (Table 5) . One fetal death occurred due to PAVF. Males were dominant (68%) in this lesion group. The most common lesion location was supratentorial (68%), and two PAVFs were located in the galenic cistern. Clinical presentation included hydrovenous disorder (hydrocephalus, macrocrania, and ventriculomegaly; 50%), hemorrhage (50%), congestive heart failure (27%), seizure (27%), neurological deficits (27%), and brain atrophy (18%). Most patients (90%) underwent endovascular treatment (19 TAEs and 1 TVE). Surgical treatment was performed for hydrovenous disorder or hemorrhage in 7 patients. Although there was no significant correlation between BNES, birth weight, or gestation period and outcome in neonatal patients (r = 0.35, p = 0.25; r = 0.20, p = 0.69; r = 0.20, p = 0.70, respectively), there was a significant positive correlation between pre-and posttreatment BAOSs in infants and children (r = 0.720, p = 0.028). Clinical outcomes at the last follow-up were favorable in 57% of patients and unfavorable in 43%, and no deaths occurred as a result of PAVF.
VGAMs
A total of 16 patients developed VGAMs (Table 6) , and 11 (69%) were neonates. Three patients were infants, and two were children (1 and 2 years, respectively). Males were the dominant sex (81%). The choroidal type (75%) was the most common lesion classification. Congestive heart failure was the most common presentation (69%), whereas hydrovenous disorder (25%) presented in all age groups. Developmental delay was present in one infant and one child. Fourteen patients (88%) underwent endovascular treatment (13 TAEs and 2 TVEs). In two patients, ventriculoperitoneal shunts were implanted. One neonate and one child with a poor medical status were managed conservatively. The mean BNES was 11.6, and there was no correlation between BNES, birth weight, or gestation period and outcome in neonatal patients (r = 0.46, p = 0.14; r = 0.06, p = 0.84; r = 0.30, p = 0.36, respectively). In infants and children, there was a positive correlation between pre-and posttreatment BAOSs and outcome (r = 0.89, p = 0.04). Three neonates (19%) died during the study period. Clinical outcome at the last follow-up was favorable in 50% of all VGAM patients and 62% of the 13 surviving patients.
DAVFs
A total of 10 patients developed DAVFs (Table 7 ). All DAVF patients were younger than 1 year old (6 neonates, 3 infants, and 1 fetal death). Males were dominant (78%). Lesions were located in the torcular regions in most patients (90%), indicating that they were mostly dural sinus malformations with AV shunts. Clinical presentation was congestive heart failure (70%), especially in neonates, hydrovenous disorder (40%), developmental delay (30%), hemorrhage (20%), and brain atrophy (20%). Eight patients (89%) underwent endovascular treatment (8 TAEs and 2 TVEs). Ventriculoperitoneal shunts were inserted in two patients. One patient with spontaneous occlusion of a DAVF was managed conservatively. The mean BNES was 13.2. In neonates, there was no correlation between BNES, birth weight, or gestational period and outcome (r = 0.20, p = 0.69; r = 0.23, p = 0.65; r = 0.13, p = 0.80, respectively). All three infants in this lesion group had developmental delay before treatment, and the outcome after treatment had not changed at the last follow-up. The BAOS at the last follow-up was favorable in 44% of patients and unfavorable in 55%. The BAOS at the initial diagnosis in all 3 infants was less than 4, which remained unchanged at the last follow-up.
Discussion
Clinical presentations in our series were generally similar to those reported in the literature. Around 90% of patients with PAVFs, VGAMs, and DAVFs were managed with endovascular treatment as the first-line therapy, but only 42% of those with BAVMs. This is also similar to the therapeutic approaches reported in previous studies.
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Because pre-and posttreatment outcomes were evaluated using either BNES or BAOS in all patients, to our knowledge, this is the first report on the outcomes of a variety of intracranial AV shunts using common evaluation systems.
ADRs of Pediatric Intracranial AV Shunts
The actual ADRs of pediatric intracranial AV shunts are still unknown. Including those for intracranial AV shunts in adults, there have been no reliable ADRs thus far. 3 Our study provides population-based ADRs of pediatric intracranial AV shunts. In the literature, BAVMs, PAVFs, VGAMs, and DAVFs account for 15%-23%, 8 7.3%-17.2%, 7,25 30%-51%, 2 and 8% 2,16 of all pediatric intracranial AV shunts, respectively. In the Bicêrtre series, DAVFs numbered the fewest of the vascular malformations, showing an incidence of 8%, whereas PAVFs and VGAMs each had an incidence of 41%. 16 Because these data are reported from large pediatric vascular centers with significant referral biases, no actual ADR is available to our knowledge.
Our study included 72 pediatric patients 5 years old or younger with an intracranial AV shunt during a 5-year period. This means that the ADR was 0.232 per 100,000 persons 5 years old or younger (95% CI 0.182-0.293) in Japan. These 72 patients were composed of 24 (33%) with BAVMs, 22 (31%) with PAVFs, 16 (22%) with VGAMs, and 10 (14%) with DAVFs. This means that the annual number of patients with BAVMs, PAVFs, VGAMs, and DAVFs was roughly 5, 4, 3, and 2, respectively, among 6.2 million people aged 5 or younger in Japan. Our data may be suggestive of the actual ADRs since most large hospitals in Japan, which are responsible for the management of these relatively rare diseases, were included in our study and since nearly all patients with intracranial AV shunts were likely to be referred to one of these hospitals.
Postnatal Formation of Intracranial BAVMs
Our findings and previous reports suggest that VGAMs, DAVFs (especially dural sinus malformations), and some PAVFs are formed in utero. In particular, VGAM is believed to form between the 8th and 11th week of gestation. 21 In one study, VGAM and dural sinus malformations were demonstrated in fetal ultrasounds at 24-25 weeks' gestation or later. 13 On the other hand, it is still not clear when BAVMs with nidus are formed. Canonically, developmental failure in the early embryogenesis of cerebral vessels at approximately 10-14 weeks' gestation and a perpetuation of the primitive AV shunt are believed to be the primary causes of BAVM. 10, 19 Because the average age of initial presentation with BAVM is over 20-50 years of age 1, 20, 24 and given that BAVMs are rare in early life (age < 1 year old), 8 a growing body of evidence demonstrates the de novo formation of BAVM.
23 Therefore, not all, but most BAVMs may develop much later in life. 12, 15 Our data on BAVM support the hypothesis that this lesion develops later in life since we found that only one neonate and one infant had BAVM. To the contrary, neonatal and infantile presentations of VGAM, PAVF, and DAVF suggest that these AV shunts develop antenatally, which is supported by the literature.
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Geographic Distribution of Patients
Although it is supposed that referring local hospitals are evenly distributed, the hospitals in this study that referred patients with intracranial AV shunts were unevenly distributed geographically and were concentrated in Osaka and Tokyo, which are the two largest metropolitan areas in Japan. Because hospitals in these cities could provide multidisciplinary management consisting of the interventional neuroradiology and neurosurgery personnel as well as the neonatology, pediatrics, obstetrics, and pediatric anesthesiology personnel, most patients were referred from local hospitals to tertiary care referral hospitals. Given difficulties in the management of pediatric vascular malformations, we recommend referring patients (including those in utero) to large, experienced pediatric vascular centers if referral is medically feasible.
Clinical Presentations
The overall spectrum of pediatric AV shunts is wide. As shown in our study, BAVMs are less common in patients aged < 1 year, and their presentation is different from those of the other AV shunts. Contrary to BAVMs, clinical presentations with PAVFs, VGAMs, and DAVFs depend on the age of presentation. 2, 7, 11, 16, 18, 22, 25 Despite the different angioarchitectures, PAVFs, VGAMs, and DAVFs present with congestive heart failure in neonates and with hydrovenous disorder (hydrocephalus, macrocrania, and ventriculomegaly) in infancy. In childhood, they present with seizures, developmental delays, focal neurological deficits, and hemorrhage.
In our study, neonates with VGAMs and DAVFs commonly presented with congestive heart failure, and infants with these lesions commonly developed hydrovenous disorder. Neonates with PAVFs presented with hydrovenous disorder and hemorrhage as well as congestive heart failure. Children (age > 1 year old) with PAVFs and BAVMs presented with hemorrhage, focal neurological deficits, consciousness disturbances, and seizures. As is widely reported, 2, 7, 16, 18, 25 males were dominant in all types of AV shunts (overall male ratio: 70%), especially in VGAMs (81%) and DAVFs (78%) in our study.
Treatment and Outcome
BAVMs
It is controversial and unclear whether pediatric BAVMs have a greater risk 14 or the same risk 5, 6 of hemorrhage as adult BAVMs. No ADR data focusing on BAVMs in patients younger than 5 years are available. In the literature, 60%-66% of patients with BAVMs aged 18 years or younger were treated with surgery, whereas 48%-70% underwent endovascular treatments and 26%-70% were treated with stereotactic radiosurgery as single or multiple modalities. 4, 5 Stereotactic radiosurgery could be used to treat patients more than 2 years of age. 9 In our series, 42% of patients with BAVMs were treated surgically or endovascularly, whereas stereotactic radiosurgery was performed in 7 patients (29%) aged 4 or 5 years old. Outcome in the literature was favorable in 76.4%-81% of patients and poor in 19% of patients, including death in 4.7%-6.5%. 4, 8 Although the outcome of most patients in our series was favorable at the last follow-up (83%) and similar to the reported rates, the relative success in eliminating lesions was not clear. A longer follow-up is needed to judge long-term safety and efficacy of these treatments including stereotactic radiosurgery.
PAVFs
In a prior study of 147 patients with PAVFs who were 18 or younger, 83.7% of patients were treated with embolization and 17% with surgery. 18 Nineteen of 23 patients in that study were treated with surgical intervention prior to 2002, when endovascular treatment was less popular. In the past two decades, remarkable advances in endovascular treatment have made this modality the treatment of choice for PAVFs. In that prior study, overall outcome was favorable in 81.6% and unfavorable in 18.5%, including a mortality rate of 8.5%. 18 In our study, 90% of patients underwent endovascular treatment as a first-line therapy (19 TAEs and 1 TVE), and overall outcome was favorable in 57% and unfavorable in 43% with a mortality rate of 0%. Outcome may be less favorable than in previous reports because of selection bias and/or a high percentage of neonates in our study (55% of PAVFs).
VGAMs
In a large study of 216 patients with VGAMs, Lasjaunias et al. 16 reported an overall mortality of 10.6%, 143 (74%) of 193 surviving patients with a favorable outcome, and 50 patients (26%) with an unfavorable outcome after endovascular treatment. In a systematic review of 34 studies, 667 patients underwent embolization, 26 and outcome was favorable in 68% and unfavorable (including death) in 31%, with a mortality rate of 16%. In our series, 14 patients (88%) underwent endovascular treatment, 13% were managed conservatively, and 13% were surgically treated. Outcome for the 13 surviving patients was favorable in 62% and unfavorable in 38%, and mortality was 19%, a rate somewhat inferior to those in previous reports. 17, 26 This may have been due to selection bias and/or a high percentage of neonates in our study (69% of VGAMs).
DAVFs
Pediatric DAVFs are classified into three groups: dural sinus malformation with AV shunts, infantile type, and adult type. 16 Dural sinus malformations with AV shunts are common in antenatal and perinatal periods. A 1996 study of 29 patients with DAVFs reported a mortality rate of 31%, a favorable outcome in 45% of patients, and an unfavorable outcome in 24% of patients. 16 In a study by the same author group, among the 30 patients with dural sinus malformation with AV shunts (age < 2 years old), 2 16 patients underwent endovascular treatment with a 75% favorable outcome, and 14 patients were managed conservatively. Among this latter group managed conservatively, outcome was favorable in 59% and unfavorable in 41% including a mortality of 38%.
Torcular dural sinus malformations have been reported as "isolated in utero dural sinus thrombosis" (prenatal group) in the obstetric and/or fetal imaging literature and as "dural sinus malformation with AV shunts" (postnatal group) in the neurosurgical and/or neurointerventional literature. It has recently been recognized that the two groups share a common etiology and an evolutional continuum.
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Although the prenatal group had an 83% survival rate and a 62% favorable outcome rate, the postnatal group had a 59% survival rate and only a 29% favorable outcome rate due to different clinical courses. Because most DAVFs in our study were presumed to be dural sinus malformations with AV shunts and because obstetricians did not directly participate in this study, many patients in our series belonged to the postnatal group with an unfavorable outcome. In fact, all patients except for one neonate with spontaneous regression required endovascular treatment, and outcome was favorable in 45% and unfavorable in 55%. Although the mortality was 0%, outcome was generally similar to those in previous reports.
Study Limitations
This study may have the following limitations. It is a retrospective study of intracranial AV shunts in the recent 5-year period. Because participation was voluntary, some patients may have gone unreported. Although all major large neurosurgical hospitals and children's hospitals in Japan participated in the study, not all eligible patients may be included. Patients who died in utero or perinatally and neonates who were not diagnosed adequately or who were initially treated by neonatologists and died soon thereafter were not reported. However, considering the extensive coverage of hospitals normally involved in the treatment of pediatric intracranial AV shunts in Japan, our study provided significant data on the characteristics, especially ADRs, of these rare intracranial AV shunts.
Conclusions
Our nationwide study showed that the ADRs of BAVM, PAVF, VGAM, and DAVF in patients 5 years old or younger were 0.0775, 0.0710, 0.0517, and 0.0323 per 100,000 persons, respectively. In neonates and infants younger than 1 year, VGAM, DAVF, and PAVF were relatively common; however, BAVMs were extremely rare, which supports the idea that a majority of BAVMs are formed postnatally, as opposed to an embryonic formation and delayed symptomatic manifestation later in life.
